Abstract. We attempted to quantitatively discriminate between hypothesized sources and geochemical processes responsible for the chemical evolution of shallow groundwater along the northeast shore of Mono Lake, an alkaline saline lake located in a hydrologically closed basin in east central California. Shallow groundwater samples from 17 sites perpendicular and 11 sites parallel to the lakeshore were analyzed for major ions. The shallow groundwater contains remnant solutes from higher lake stands, which are transported toward the lake by lateral flow and surface runoff. The flow system appears to be segregated into two different regions: a concentrated, highly saline groundwater underlying much of the northeast shore and pockets of more localized lower-salinity groundwater. The saturation state of the groundwater with respect to certain minerals was determined, and simulations for both evaporative concentration of inflow and mixing of lake water with inflow coupled with mineral precipitation were performed. Solute trends in the shallow groundwater result primarily from the degree of mixing with historical lake water; however, evaporative concentration and redissolution cycles along with various chemical fractionation mechanisms including Ca, Mg, and Na carbonate precipitation, sulfate reduction, ion exchange, and potentially Mg silicate formation are also important controls.
Site Description
Mono Basin, located in east central California, is a hydrologically closed basin with Mono Lake being a regional groundwater sink (Figure 1) . Evaporation from the lake and nearsurface groundwater provides the main sources of water loss in the basin [National Research Council, 1987] . Snowmelt and rainfall in the adjacent Sierra Nevada provide almost all the bulk inflow to the basin through runoff in perennial streams and by groundwater seepage [Vorster, 1985; National Research Council, 1987] . The Sierra Nevada snowpack accounts for about 85% of the surface and subsurface inflows to the basin, with the majority carried by Lee Vining and Rush Creeks [Vorster, 1985; National Research Council, 1987] .
Following the export of water from streams feeding Mono Basin, beginning in 1941 by LADWP, the level of Mono Lake has dropped more than 12 m [Stine, 1987] . This decline in lake level has exposed former lake bottom, creating an extensive area of barren playa along the northeast shore. Groundwater beneath this portion of the shoreline is alkaline and very saline. In the arid part of the basin, mountain streams and springs infiltrate permeable alluvial fan and delta deposits, recharging groundwater [Vorster, 1985] . This fresh recharge flows laterally as groundwater underflow downgradient toward the lake where it discharges along the shore or at the lake bottom both in springs and as diffuse seepage [Lee, 1969; Sinclair, 1988; Danskin et al., 1991] . Both the near-shore water table and the lake level are high in late fall, winter, and spring owing to runoff from rainfall and snowmelt and recede in the summer and fall owing to evaporation [Rogers, 1992b] .
The stratigraphy along the northern and northeast shore includes a series of sandy and gravelly beach and volcanic ash deposits interlayered with fine-grained lacustrine sediments [Stine, 1987] (Figures 2 and 3) . The surface of the shore is covered with sand north and west of Warm Springs, whereas southeast of Warm Springs the surface consists of clay [Rogers, 1992b] . At most sites, sediments deeper than about 0.3 m were black in color and had a strong sulfurous odor [Rogers, 1992b] .
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Geochemical Results and Interpretation
The solute concentrations, TDS content, pH, EC, and temperature of the groundwater samples collected from the piezometers at the Ten Mile Road site are presented in Table 1 and from the northeast shore seepage pits in seasonal change in EC readings [Rogers, 1992b] or solute concentration [Connell, 1993] 
Fractionation During Brine Evolution
Chemical fractionation of solutes may significantly influence the evolution of water composition and the behavior of individual solutes. And although we cannot quantify all the various types of fractionation, we nevertheless evaluated the factors influencing solute fractionation to help determine some of the processes responsible for the chemical evolution of the groundwater. Groundwater and lake water samples are undersaturated with respect to halite (Figure 7) . Thus, in this study, C1 is used as a conservative reference of concentration during evolution [Eugster and Jones, 1979] , and behavior of other solutes can be evaluated relative to that of C1. Figure 8 shows that B also behaves conservatively in the groundwater system, however, the other ions do not.
Sodium and potassium. Na generally behaves conservatively in the groundwaters at the Ten Mile Road Site, demonstrating only slight depletion relative to C1 with proximity to the lake (Figure 8 ). In northeast shore seepage water, Na/C1 decreases even more compared to the Ten Mile Road groundwaters and lake water. These samples, along with the lake water sample, approach saturation with respect to gaylussite (Na2Ca(CO3)2'5H20) (Figure 7 ), whereas the Ten Mile Road samples are undersaturated; therefore mineral precipitation can account for the loss of Na in only the most concentrated waters. Gaylussite is a common mineral in recent muds of alkaline saline lakes [Eugster, 1980] calcite, and samples from the northeast shore range from 4-to 9-fold supersaturation. Recent studies by Bischoff et al. [1993] have shown that although calcite is supersaturated in Mono Lake water, precipitation of this mineral is strongly inhibited by high concentrations of orthophosphate. They suggested that during winter months, ikaite (CaCO3.6H20) precipitates as spring water mixes with lake water because of its low solubility at low temperatures and because of the inhibitory effect of high concentrations of orthophosphate in the lake. During warmer seasons, ikaite is either transformed to anhydrous CaCO3, which is taken up into shoreline tufa, or dispersed throughout the lake by wind to form gaylussite [Bischoff et al., 1993] . Similar processes may be occurring in the groundwater along the northeast shore in which calcite precipitates secondarily. In addition, cyclic wetting and drying of playa sediments followed by subsequent removal of alkaline earth carbonates by deflation [Eugster, 1980; Drever, 1988] Tables 1 and 2 ). These solutes may be removed from solution by incorporation in authigenic layered Mg-silicates [Spencer, 1985b] Sulfate. SO4, in general, is concentrated by evaporation during brine evolution. Groundwater and lake water show almost no fractionation, with the exception of one of the Ten Mile Road deep piezometers (5C) (Figures 8 and 2 ). Groundwater and lake water samples are undersaturated with respect to mirabilite (Na2SO4.10H20) ( Figure 7) ; they are also undersaturated with respect to gypsum [Connell, 1993] bially mediated sulfate reduction. During this process, hydrogen sulfide gas is released [Drever, 1988] , and this gas has been found during well installation and sample collection [Rogers, 1992b] . In addition, black sediments were encountered 0.3 m below surface at most sites [Rogers, 1992b] In order to determine the model concentration factor (either the mixture ratio of remant lake water to inflow or the evaporation concentration factor) necessary to produce the observed chemical composition of a particular groundwater sample, the actual measured concentration of C1 was superimposed on the model-simulated C1 mixing curve or evaporation line, and concentration factors were estimated visually from the plot [Connell, 1993] [Vorster, 1985] . The modeling indicates that by mixing progressively higher percentages of Mono Lake composition water with either Murphy Spring or Lee Vining Creek composition water, the trends observed for some of the absolute concentrations in the shallow groundwater can be duplicated (Figure 9 ). Individual mixture ratios of Lee Vining Creek to Mono Lake water required to yield the chemical composition of specific groundwater samples are about the same as those observed for Murphy Spring, because the highly concentrated alkaline saline lake water composition dominates the resultant mixture composition at very low percentages regardless of the inflow source [Connell, 1993] . Figure 9 illustrates the results of the Murphy Spring mixing allowing calcite precipitation to equilibrium. The Ca concentration decreases until a mixture ratio of approximately 10% lake water and then remains constant with increasing addition of lake water. Calcite precipitation removes the available Ca from the inflowing spring water as it mixes with the alkaline lake water. The results of the Murphy Spring mixing without calcite precipitation are the same as those with calcite precipitation, except for Ca, which decreases gradually as greater additions of lake water are mixed with the relatively higher Ca content spring water [Connell, 1993] . Carbonate species are bonate speciation for low lake water additions. The mixing simulation predicts the SO4 concentration to be higher than the observed concentration measured at site 5C, and this discrepancy significantly raises the RMSE value for this solute. As discussed earlier, microbially mediated reduction accounts for the relatively lower measured SO4 concentration at this site.
Evaporation Simulations
The choice of the starting water to be evaporated was based on the likelihood that if allowed to evaporate under the model conditions, the chemical composition of the resultant solution along some point of the reaction (path) would resemble that of the groundwater along the northeast shore. If this is valid, the source of the chemical composition of the groundwater may be attributed to the evaporation of waters flowing into the basin.
We selected Murphy Spring and Rush Creek runoff as starting water, assuming a constant atmospheric CO2 pressure (log PCO 2 of -3.5), a constant temperature of 25øC, and the continuous removal of water vapor. This model only allows equilibration with precipitating calcite and halite; however, the halite phase boundary was not reached during these calculations. Murphy Spring was chosen to represent upgradient groundwater recharge (Figure 1) . Rush Creek, along with Lee Vining Creek, carries the majority of runoff from the Sierra Nevada [Vorster, 1985] (Figure 1 The results indicate that as evaporation proceeds, the chemistry of the inflow water changes from a Na-Ca-HCO3-C1 water to an alkaline Na-CO3-C1 water (Figure 11) . Calcite begins to precipitate at a concentration factor less than 2, and thereafter Ca is continuously removed from solution by precipitation. increase lakeward, as would be expected if evaporation is the dominant process acting to concentrate the dissolved solutes downshore [Cormell, 1993] . Figure 12 presents the comparison between the measured concentrations and the evaporation simulation concentrations. RMSE values for Na, B, Ca, and HCO 3 are all within about the same range, and SO4, CO3, and K are significantly higher, suggesting that the observed solute concentrations cannot be explained by the evaporation model alone.
Discussion
The mixing simulations provide a better conceptual model of how the system works than the evaporation simulations, based on the lower RMSE values than the evaporation models. However, because Mono Lake is mainly derived from the evaporation of Sierra Nevada water, it is difficult to distinguish between these processes. In a study of the geochemistry of the Great Salt Lake, Spencer et al. The spatial patterns observed for the solute concentrations and TDS in groundwater parallel to the northeast shore indicate that the system is segregated into two different regions: a concentrated, highly saline groundwater underlying much of the northeast shore, and pockets of more localized lowersalinity groundwater. The differences in the two areas are caused by differing inflow quantities and compositions. The lower-salinity groundwater may be controlled by localized recharge through distinct flow systems, such as channelized or piped freshwater inflow which discharges at discrete points. According to Cloud and Lajoie [1980] , as fresh intowing groundwater rich in Ca reachs the highly saline groundwater near the lakeshore, calcite is precipated into vertical tubular structures. These structures may then form discrete flow channels in which the more dilute water rises by density and hydraulic head differences and subsequently discharges at particular locations, typically spring mounds. The less concentrated discharge from these spring mounds may recharge the shallow groundwater system in nearby areas, or fresh groundwater may mix with nearby concentrated groundwater. The most concentrated groundwater may be attributed to a combination of factors, including the lack of proximity to the discrete freshwater discharge areas, stratigraphic controls on flushing rate, and evaporative concentration and redissolution cycles. In addition, the proximity to concentrated, methane-venting seeps and springs, may also be important. The seepage of methane, accompanied by the occurrence of highly concentrated water with elevated B content, may result from recirculation of older, deeper brines. Oremland et al. [1987] indicate that the source of methane for these seeps originates from a biogenic natural gas deposit of Pleistocene age which underlies the current and former lake bed. Tritium and 36C1 data might help distinguish between recent mixing of lake water and recirculation of older, deeper brines.
